Abstract. Echelle spectra of 10 bright asteroids are presented and compared against an observed twilight spectrum and a computed Solar spectrum. Spectra covering a 2130Å spectral range centered on λ = 5785Å are of high resolving power and high signal to noise ratio. So we focus on a comparison of detailed properties of spectral lines and not on albedo variations. It is shown that the normalized Solar and asteroid spectra are identical except for radial velocity (RV) shifts which can be predicted at the accuracy level of 1 m s −1 . So asteroids are proposed as new and extremely accurate radial velocity standards. Predicted and measured RVs of observed asteroids indeed match within limits of accuracy of the instrument. There are numerous absorption lines in the reflected Solar spectrum. This allows a direct mapping of the resolving power of a spectrograph between and along echelle spectral orders. So asteroid spectra can be used to test wavelength calibration and resolving power of spectrographs on the ground as well as in space, including the Gaia mission of ESA. All spectra are also given in an electronic form.
Introduction
Spectroscopic observations are usually wavelength calibrated using spectra of standard calibration lamps. Still, it is desirable to check this calibration with real objects on the sky in order to discover possible instrumental effects. These effects include: the calibration and the stellar beams not being exactly parallel when they enter the spectrograph slit; uneven illumination of the slit, which causes spectral shifts and therefore errors in the measurement of radial velocity; flexures and/or temperature instabilities (present in most of the spectrographs which are mounted directly on the telescope), which could cause significant variation of velocity and/or spectral shape if not monitored and properly accounted for.
IAU Commission 30 "Radial velocities" has defined a list of standard stars with accurate velocities constant over many years. The list of Elodie-CORAVEL high-precision standard stars (published on obswww.unige.ch/∼udry/std/std.html) contains a total of 140 stars, 38 of them with a radial velocity error < ∼ 50 m s −1 (Udry, Mayor & Queloz 1999) . Most of these stars are bright (V < 7) so they may be unsuitable as radial velocity standards for spectrographs on large teleSend offprint requests to: T. Zwitter scopes due to saturation problems. The same is true for the now quite numerous stars which are being searched for extrasolar planets. Also, the RV residuals for some of these stars show a peculiar behaviour possibly due to yet undiscovered planetary companions, so their RV is not predictable accurately enough for calibration purposes. What is more, in some cases only variation but not the absolute value for RV has been derived and published. Nordstrom et al. (2004) published radial velocities of the first 15% of stars in the Hipparcos catalogue, part of which may be used as references if an error up to 300 m s −1 is acceptable. The sample which is being observed by the RAVE survey (Steinmetz et al. 2006 ) is much larger and fainter, but of moderate accuracy. Most of the stars are observed only once, so some of the radial velocities may belong to (the yet undiscovered) binary stars.
Here we propose to use asteroids as objects for which radial velocity at the time of observation can be easily calculated to an extreme accuracy level. To the best of our knowledge no high resolution spectra of even the brightest asteroids exist in the literature. So we followed our initial suggestion (Zwitter & Crifo 2003 , Mignard 2003 ) and obtained high resolution and high signal to noise echelle spectra of 10 bright asteroids. Measurements of their radial velocities are compared to the accurate calculated values. Table 2 . Log of asteroid observations. N is the number of exposures, t is the total observing time, Date is the truncated date of observation and V is the apparent V magnitude (derived from the Lowell Observatory asteroid database). S/N is the signal to noise ratio per 0.128Å wavelength bin at 6070 ± 4Å. Normalized asteroid spectra are also compared against both theoretical and observed (twilight) Solar spectra for each of the echelle orders. We show that asteroid spectra have identical spectral lines to twilight spectra. Excellent distribution of Solar spectral lines over the whole UV, optical and IR domain allows for a more accurate assessment of wavelength accuracy and resolving power than the conventional methods which use telluric lines.
The next section describes the observations and data reduction procedures. In section 3 we briefly describe the computations necessary to derive an accurate prediction of asteroid radial velocity at the time of observation. Observed asteroid and Solar spectra are compared in Sections 4 and 5, to be followed by Conclusions.
Observations and Data Reduction
Spectroscopic observations have been collected with the echelle+CCD spectrograph of the 1.82 m telescope operated by Osservatorio Astronomico di Padova atop of Mt. Ekar (Asiago, Italy). The spectrograph is directly mounted on the Cassegrain F/9 focus of the telescope. The light enters the spectrograph through a 150 µm (1.9 arcsec) slit which is normally mounted along the P.A.=90 o or 270 o angle, i.e. in the E-W direction. The slit length of 12.6 arcsec allows the asteroid to be placed at one side and to collect useful sky background at the other side of the slit length. The position of the object on the slit is monitored by a red sensitive TV guider. CCD detector is a thinned broad-band coated E2V CCD47-10 with 1k×1k square pixels of 13 µm and with quantum efficiency > 70% in the interval of 3800 to 7500Å. Here we use the 15 echelle orders which cover the 4720 -6850Å range with small gaps between the orders (see Table 1 ). Redder orders are plagued by telluric absorptions of the Earth atmosphere, while those to the blue have difficulties with accurate determination of the continuum level. CCD is cooled with liquid nitrogen which renders the dark current negligible. The readout noise is ∼ 9 electrons. Spectra are wavelength calibrated from spectra of a ThAr lamp which uniformly illuminates the slit. The resolving power of the spectrograph is ∼ 24, 000 at central wavelengths of echelle orders, with notable degradation towards the edges (see below) due to optical distortions. Wavelength sampling is from 0.0955Å/pix in spectral order 47, to 0.1357Å/pix in the order 33. So the resolution element equals 2.0 pixels.
Observations of 10 bright asteroids were obtained. Table 2 summarizes the observing log. To observe a representative Solar spectrum integrated over the Solar disk we obtained a series of dawn twilight sky exposures. The telescope guiding was switched off during twilight exposures in order to minimize spectrograph flexures and light from chance superposition stars entering the slit. Each asteroid was observed in a series of consecutive exposures with a ThAr calibration lamp spectra obtained at the start and end of the series. Each spectrum in a series was independently reduced using standard IRAF echelle routines. The routine apall was used to trace and extract the spectrum and to subtract the sky background which was assumed to be the median of pixels at the same wavelength and at the part of the slit not illuminated by the object. The wavelength calibration was done using both images of calibration lamp spectra. Lamp spectra were extracted with the aperture and tracing information from the object exposure. Wavelength solutions of both lamps were combined using an average weighted by the difference in time at mid exposure between the object and each of the lamp spectra. A few hot stars with very high rotational velocity were observed during each of the observing runs. Among them we used for the final reductions λ Eri spectra for the September 2004 observing run and HD 149757 for the April 2005 run. A high order cubic spline fit was used to remove stellar features and thus obtain a normalized tel- Table 4 . Calculated radial velocities compared to observations. Columns (3) and (4) give Sun-asteroid and asteroid to Asiago observatory distances in a.u. The next columns are velocities in km s −1 : column (5) is radial velocity of asteroid vs. Sun, column (6) is radial velocity of asteroid vs. Asiago observatory and column (7) is their sum. Column (8) gives radial velocity as derived from observations (see Table 3 ). luric spectrum. Each order of observed spectra of asteroids and twilight were normalized using a 5-piece cubic spline fit with 2σ (lower) and 3σ (upper) rejection limits and with 10 iterations using a growing radius of 1 pixel. The normalized spectra were median combined and the normalized telluric spectrum was divided out to finally obtain the normalized spectrum of a given asteroid or twilight.
One of the principal goals of our analysis is to compare a high resolution twilight spectrum to those of asteroids. We note that intensities of individual telluric features can be variable in time, so any spectral range with normalized telluric spectral intensities outside the 0.99 -1.01 range was excluded from further analysis. This criterion rejected 488 wavelength bins, so that the final spectra contain normalized intensities at 13,665 wavelengths.
Radial velocities were measured against a theoretical spectrum which was calculated using the Kurucz models. We used the latest version of the model of the Solar atmosphere which was kindly provided to us by F. Castelli. The model was computed with the Atlas 9 code using the chemical abundances from Grevesse & Sauval (1998) . Opacity distribution functions were recalculated for these specific abundances . The effective temperature is 5777 K, log g = 4.4377, mixing length scale height is 1.25 and rotational velocity is 2.0 km s −1 . The overshooting option was not used. The spectrum was calculated with the Linux implementation of the SYNTHE code (Sbordone et al. 2004 ). Normalized theoretical spectrum calculated at R = 500, 000 and degraded to the resolving power of 24,000 is reported in column 4 of Table 5 .
Measurement of radial velocity of a given asteroid was done for each spectral order separately using the RVSAO package (Kurtz et al. 1992) . The values of radial velocities were consistent between the orders, but the bluest 4 orders showed a distinct trend (see below). So the mean of observed velocities in orders 33-43 (with values of two most deviant orders not taken into account) was used as a final observed radial velocity of an asteroid.
Calculation of radial velocity
Radial velocity of an asteroid at a given moment can be calculated to extreme accuracy. This is because most asteroids have been observed during many (∼ 30) oppositions so that their positions are known to within 1 arcsec for several years in advance. Assuming a typical space motion of ∼ 30 arcsec h −1 this corresponds to a time error of only 120 s. The radial velocity of an asteroid changes by ≈ 30 km s −1 in 3 months or 0.5 m s −1 in 120 s. So we may conclude that radial velocity can be calculated at an 1 m s −1 level of accuracy. Equatorial rotational velocity of an asteroid amounts to 22 m s −1 for an asteroid with a diameter of 250 km and with a 10 hour rotational period. For the largest and brightest asteroids it is somewhat larger, reaching a maximum of 84 m s −1 for Ceres. Most large asteroids are nearly spherical in shape. Also reflectance for most of them (with an exception of Vesta) is quite constant over the whole surface. So the effect of rotation would be a very moderate broadening of the reflected Solar lines. This effect would be very difficult to measure because of the much larger temperature and rotational broadening of intrinsic Solar lines. However during the GAIA mission, which is the main aim of this work, main belt asteroids will not be observed at opposition, but at a phase angle ∼ 20 o , and always less than 30 o . Gibbous shape of the illuminated surface of such asteroids means that a crescent-shaped part near the limb with possibly high radial velocity is not illuminated. This introduces a small wavelength shift of the integrated reflected spectrum if an asteroid rotates about an axis pointing away from Earth. Assuming a spherical asteroid with rotation axis in the plane of the sky, the surface of this missing crescent projected on the plane of the sky may reach up to 14% of the illuminated face at a 30 o phase angle (only 6% at 20 o ). As the rotational velocity is always smaller than 100 m s −1 (see above), this results in a change in the line profile and a Doppler shift smaller than 15 m s −1 . Notice also that other physical parameters, such as irregularities in shape and reflectance, would also manifest in radial velocity shift. A hypothetical cigar-shaped asteroid with reflective and black surfaces on the opposite sides from the center of gravity would cause a shift with an amplitude of 1.3 m s −1 if its longer axis equals 12 km, the rotation period is 4 hours and the rotation axis is in the plane of the sky. Note that rapid rotation of such asteroid would be known due to photometric variability. Accurate treatment of asteroid rotation is beyond the scope of this paper. We note however that small radial velocity shifts caused by rotation can be in principle used to disentangle degeneracy between shape irregularity and reflectance variability in interpretation of asteroid light curves.
Calculation of a predicted radial velocity of an asteroid at the time of observation includes the following steps: (a) A photon reaching the Earth at time t 2 has left the asteroid at the retarded time t 1 = t 2 − r/c, where r is the distance between the asteroid at the time of photon emission and the observer at its reception. The retarded position is computed by a straightforward iteration of the asteroid orbital motion. The Doppler velocity RV tel results from the combination of the geocentric radial velocity of the asteroid at time t 1 and that of the observer due to the rotation of the Earth at time t 2 . (b) Radial velocity RV ⊙ of an asteroid to the Sun is determined from its orbit at time t 1 . (c) The total radial velocity shift of the Solar spectrum reflected by the asteroid and observed by the Earth observer is, for small velocities, RV = RV ⊙ + RV tel .
We estimate that the values of calculated radial velocities as given in Table 4 are accurate to within 1 m s −1 . The radial velocity of the Sun which was observed in the scattered light of the dawn sky was calculated similarly. We note that the exact position of scatter is unknown. But since it lies within the 10 km thick layer of Earth atmosphere this uncertainty is negligible. Table 4 reports calculated radial velocities and compares them to observations. O-C velocity for each echelle order and for each asteroid is plotted in Figure 1 . Note that O-C differences are non-random. Each of the observing runs shows a distinctive trend. As already mentioned the telescope slit was kept along P.A.=90
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o (September 2004 observing run) and P.A.=270
o (April 2005 run) . Nonparallactic angle of the slit meant that, while the stellar image in red wavelengths was kept in the slit by the red- Table 5 . Observed spectra of twilight and asteroids rebinned to the same wavelength bins, continuum normalized and Doppler shifted to zero radial velocity. Columns give wavelength (1), twilight (2) and median asteroid intensities (3), normalized flux from the Kurucz Solar model (4), and intensities of individual asteroid spectra (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) Fig. 2 . Cumulative plot of a fraction of wavelength points with two normalized spectra differing by less than a given amount dy = abs(I 1 − I 2 )/I 2 . The pairs are mean asteroid and twilight spectrum (solid line), theoretical Kurucz and twilight spectrum (long dashes), and intensities of twilight spectrum compared to a unit intensity (short dashes).
sensitive TV guider, the short wavelength image of the star was partly missing the slit. So asymmetric diffraction of the blue image on the spectrograph slit caused a shift in the angle of the beam entering the spectrograph and therefore an appreciable trend of radial velocity error with wavelength. We note that the two runs had the spectrograph mounted under opposite position angles, so Figure 1 shows opposite trends of velocity shifts. This interpretation is consistent with the fact that the dawn sky spectrum shows no trends of velocity error with wavelength. The reason is that in this case the slit was illuminated uniformly at all wavelengths, i.e. in the same way as for spectrum of a calibration lamp. As explained in Section 2 the final observed radial velocity of an asteroid was calculated without consideration of the bluest spectral orders, so this problem is largely avoided. Note that the observed velocities have errors which are still larger than the shot noise error of ≃ 0.1 km s −1 . The reason are spectrograph flex- Lutetia as a function of wavelength. Points present R of the theoretical Solar spectrum which gave the best match to the observed spectrum in the interval ±10Å from the point. Points within the given echelle spectral order are connected and the area of the order is shaded.
ures (Munari & Lattanzi 1992) which could be accounted for only by more frequent calibration lamp exposures. Mean error in derived radial velocity is < ∼ 300 m s −1 . This is a much better value than previous results for this instrument (cf. Siviero et al. 2004) . A similar analysis can be performed for any type of spectrograph. The possibility to study radial velocity error as a function of spectral order or position within the order is superior to the usual velocity shift derived from telluric lines, which are almost exclusively confined to the red spectral region. Asteroid spectra are just reflected sunlight, so any unexpected change in spectral properties or radial velocity can be excluded. This is different from standard radial velocity stars for which velocity uncertainties are much larger.
High resolution spectra of asteroids
Low resolution spectra of asteroids depend on the variation of reflectance with wavelength. But the reflectance stays the same over the small width of spectral lines. Therefore normalized high resolution asteroid spectra are pure reflected sunlight with all the spectral lines of exactly the same shape and depth as in the Solar spectrum. Table 5 1 lists normalized observed spectra of asteroids and twilight together with a theoretical Solar spectrum (see Sec. 2). Presence of material intrinsic to the asteroid, such as regolith, manifests itself in low resolution spectra but is washed away by the normalization in the high resolution case. This is demonstrated by Figure 2 where solid line plots the fraction of wavelength points with dy = abs(I 1 (λ) − I 2 (λ))/I 2 (λ) below a given value. Here I denotes normalized intensity, and indices 1 and 2 pertain to mean asteroid and twilight spectrum (solid line), theoretical Kurucz and twilight spectrum (long dashes), or twilight and a constant of 1 (short dashes). One can read that a relative intensity difference of 3% occurs in about 7% of points if we compare asteroid and twilight spectrum, but this fraction increases to about 25% if we compare observed twilight and theoretically computed spectra. Altogether some 35% of all points have intensity at least 3% fainter than the continuum level. There is no evidence for intrinsic differences between asteroid and twilight spectrum.
Observations of asteroids are a convenient way to assess the variation of resolving power between and along echelle orders. Solar spectrum has numerous absorption lines across the whole UV-IR domain. So it is better suited for this task than the sometimes scarce lines of the calibration lamp spectrum. Also, light from asteroids follows exactly the same path through atmosphere, telescope and the spectrograph as other objects on the sky. So it can be used to assess how the resolving power is influenced by atmosphere variations, accuracy of the telescope focus and of the centering of the object on the slit. Most importantly such observations can be used to study optical distortions and defocusing along the focal plane which causes a variation in resolving power along and between the spectral orders. An example of such variations is given in Figure 3 where a normalized theoretical Solar spectrum computed at a resolving power of 500,000 has been degraded until it provided the best match for the given 20Å wide part of the normalized observed spectrum. Variations are partly due to defocusing at the edges of spectral orders. On the other hand note that some spectral lines in the theoretical Kurucz spectrum do not match the observed twilight Solar spectrum, as manifested by the long-dashed line in Figure 2 . The procedure therefore tried to compensate for mismatches by adjusting the resolving power, and this causes sharp jumps in Figure 3 . A solution would be to replace a theoretical spectrum with a twilight or asteroid spectrum observed at a very high resolving power. Unfortunately no spectra of bright asteroids observed at R ∼ 100, 000 and with a high signal to noise ratio exist in the literature.
1 Available in electronic form through CDS.
Conclusions
Observations of asteroids are convenient to measure radial velocity error as well as resolving power variation along and between the interference orders of an echelle spectrograph. They can be used to assess the accuracy of the absolute wavelength calibration on the level of m s −1 . This is particularly valuable for wavelength calibration of slitless spectrographs, such as the radial velocity spectrograph on the forthcoming Gaia mission of ESA (Katz et al. 2004 , Wilkinson et al. 2005 . Rotation of asteroids with irregular shape and/or reflectance distribution over their surfaces can introduce radial velocity shifts on the m s −1 level. Most of the radial velocity standard stars are very bright and could be expected to have a certain degree of intrinsic spectrum variability. Asteroids, on the other hand, are observed at a wide range of magnitudes, so allowing a calibration suitable to the saturation limit of the telescope. For the calibration of the GAIA radial velocity spectrometer (RVS), only the brightest asteroids, i.e. those with a not too fancy shape, will be used.
Asteroid light follows the same path through the atmosphere, telescope and spectrograph as the light from other objects on the sky. The numerous absorption lines in the reflected Solar spectrum therefore allow a detailed mapping of line broadening due to variations in the resolving power along the spectrum. Solar spectrum is not expected to change much over time, moreover its light output is being constantly monitored. So it is safe to use the observed width of most individual Solar lines reflected from an asteroid to measure the resolving power of the spectrograph.
Dedicated instruments are used to accurately map time variability in spectra of small areas on the Solar surface. But spectra reflected from asteroids offer a convenient way to measure the integrated high-resolution spectrum from the whole Solar disk using a normal telescope. So a variation of the high resolution integrated Solar spectrum with the Solar cycle could be measured.
